We report on inscription of microchannels of different widths in optical fiber using femtosecond (fs) laser inscription assisted chemical etching and the narrowest channel has been created with a width down to only 1.2μm. Microchannels with 5μm and 35μm widths were fabricated together with Fabry-Pérot (FP) cavities formed by UV laser written fiber Bragg gratings (FBGs), creating high function and linear response refractometers. The device with a 5μm microchannel has exhibited a refractive index (RI) detection range up to 1.7, significantly higher than all fiber grating RI sensors. In addition, the microchannel FBG FP structures have been theoretically simulated showing excellent agreement with experimental measured characteristics. 
Introduction
Refractometers are widely used in many industrial sectors, including food, beverage, environment, chemical and medical analysis etc. Traditional refractometers are based on bulky optics and have limitations for remote, in situ, miniaturized and high sensitive sensing. Optical fiber refractometers, on the other hand, have better merits in these terms. A number of fiber structures have been exploited for refractometers, including Fabry-Pérot (FP) cavity, tapered fiber and fiber gratings. Recently, the advancement of micromachining using femtosecond (fs) laser has provided a powerful tool for fabrication of microstructure devices for various applications, including refractive index (RI) measurement. One of the advantages of this technique is that the modification to materials relies on a nonlinear absorption of highly intense light above a threshold, which can be achieved with a focused fs laser beam. The modification can thus be made deep within the material and 3-dimensional (3D) structures can be created by scanning the laser beam. Researchers have implemented a range of novel photonic devices by fs laser inscription, including optical waveguides [1] , microfluidic channels [2, 3] , fiber Bragg gratings (FBGs) [4] [5] [6] [7] and long period gratings [8] .
Micromachined hollow structures by fs laser in optical fiber have also been demonstrated for sensing applications since they allow infusion of surrounding substances (usually liquid or gas) to the fiber-core region wherein light propagates. An FP cavity was fabricated by ablating the fiber from its side and more than half of the fiber material was removed in the device section, leaving the device considerably fragile [9] . In [10, 11] , microholes were drilled directly through the fiber using laser ablation as well but the size of the hole is nonuniform through its depth and the wall is unevenly finished, introducing considerable scattering loss. Nevertheless, based on such micromachined hollow structures, a range of miniature sensors have been realized and most of them utilize an FP cavity only [9] [10] [11] [12] . However, for RI sensing, especially for those close to the index of fiber glass, visibility of FP resonances diminishes due to the low reflectivity at the glass-liquid interface, giving rise to difficulty for data processing and limited operational RI range. Special coating process was introduced to overcome such a problem, but with increased complexity to the fabrication [12] . Our previous work has shown RI detection of liquid by employing a liquid core FBG based on a microchannel in the fiber and demonstrated a high sensitivity [3] , however, the coupling from the normal fiber into the microchannel section (liquid core) is of high loss, thus degrading the signal. The other disadvantage of such a device is that its RI sensing exhibited a highly nonlinear response.
Compared to direct ablation using the high power fs laser, chemical etching assisted by low power fs laser inscription offers a number of advantages, including ultra-fine finishing surface, high flexibility and enhanced resolution. Since the interaction of the fs laser with materials is a highly nonlinear absorption, sub-wavelength structures can be produce [13] . An interesting device structure that could be implemented is an optical microcavity [14, 15] , which can find potential application in quantum optics and photonics [16] . In this paper, we report microchannels of different widths engraved in optical fiber using such a method and the narrowest width down to only 1.2μm has been demonstrated. We also report the theoretical and experimental investigation of RI sensing characteristics of the proposed FBG FP cavities incorporating microchannels of different widths. Figure 1(a) is the schematic of the designed microchannel FBG FP device, which consists of an FP cavity formed by a pair of FBGs with a certain separation. In our design, two 2mm-long FBGs with the central wavelength at ~1551nm and reflectivity about 3dB were UV inscribed into the fiber with an estimated index modulation of . The length of the FP cavity which is the separation between the two FBGs is about 1mm and in the middle of the cavity, a microchannel is induced by fs laser inscription assisted chemical etching technique as described in [3, 17] . The fabrication process of the microchannel involves two main steps: (1) Inscription of the desired structure into the fiber by using a tightly focused fs laser beam; (2) Etching the fiber in a solution of 5% hydrofluoric acid (HF) for selective removal of the fs laser modified region. In the laser inscription process, the fiber was mounted on a dual-axes air-bearing translation stage, so that the desired structure could be written by moving the fiber with respect to the fs laser beam. Superior to direct ablation, this method relies on much lower laser energies to inscribe ultra-fine 3D pattern within the material, offering a much more enhanced resolution, precision and flexibility.
Device fabrication
For microchannel inscription, a queue of shapes of the same geometry are inscribed and stacked across the cross section of the fiber, as illustrated by the dashed lines in Fig. 1(a) . The shape can be arbitrarily chosen but a rectangle or a line is mostly suitable for microchannel inscription. The thickness of each layer is dependent on the energy and the scanning speed of the laser and the inscribed layers need to overlap to create a continuous modification across the depth of the channel, allowing for a total removal of the inscribed structure by the etching. In our previous work [3] , a microslot horizontally engraved along the axis of the fiber yielded significant loss, which was theoretically verified in [18] . In this work, however, we created microchannels of different widths along the fiber axis, but with the same height of 10μm, which is slightly larger than the diameter of the fiber core, so that the wave front of the light is not distorted and scattered greatly when propagating in the channel region. For the investigation, we have created microchannels of three different widths -1.2μm, 5μm and 35µm and the latter two were embedded in FBG FP structures. For the inscription, only 90nJ fs pulse energy was used to inscribe 1.2μm microchannel but increased to 200nJ to inscribe 5μm and 35μm channels. After the laser inscription, the fiber was chemically etched in a 5 % HF solution for 15 minutes assisted by an ultrasonic bath to facilitate removal of the etching products from the fs laser inscribed region in the fiber. Figure 1(b) shows the images of the three microchannels after etching process. During the etching process, the transmission spectrum of the device was monitored to view the microchannel induced change. In the first 8 ~ 9 minutes, the spectrum showed no obvious change since the etching had not reached the core region yet. With etching carrying on, resonant peaks of the FP cavity began to shift to longer wavelength side. Figure 2 gives the spectral evolution of the two FBG FP devices with a 5µm and a 35µm channel. After 15 minutes of etching, the spectrum became stable, indicating that the entire modified region had been removed. Then, the fiber was taken out from the HF solution and rinsed with water. The FP resonant peaks were well reserved for the 5µm microchannel device, but almost disappear for the 35µm structure at the end of the etching. From the spectral evolution shown in Fig. 2 , it can be seen that the microchannel induced a low overall insertion loss of ~0.13dB for the narrow channel but a much high loss of ~9.8dB for the wide channel sample. Because the loss is high, the FP resonances of the 35μm channel device were greatly suppressed, showing a poor visibility.
Refractive index sensing
The fabricated microchannel FBG FP devices were then subjected to a series of index oils (from Cargille) to measure their response to RI. After each measurement, the device was rinsed with acetone to remove the residual oil left in the microchannel till the original spectrum in air was restored. The response time is mainly dependent on the time for the liquid to infuse into the microchannel, which was almost instantaneously as observed during the measurement. The resonances in the spectrum are the interfering fringes of the FP cavity, which change in accordance with the phase shift of the electromagnetic field in the cavity due to the variation of RI of the oil. Figure 3(a) shows the spectral evolution of the 5μm microchannel sample with increasing RI. It can be immediately seen from the figure that once the oil is infused into the microchannel, the transmission loss decreases by 2.1dB and visibility of FP resonances increase inside of the Bragg reflection band. With increasing of RI, the FP resonant peaks shift obviously from the shorter to longer wavelength side and eventually move out of the Bragg reflection band, but subsequently, new peaks are regenerated from the shorter wavelength side. We can also see that the strength of the peak changes during its shifting and the deepest resonance occurs near the center of the Bragg reflection band. The relation of the peak wavelength with respect to RI for the 5μm microchannel FBG FP is given in Fig. 3(b) , showing a linear trend with an RI sensitivity about 1.1nm/RIU (refractive index unit). Noticeablely, this narrow microchannel FBG FP device can detect RI change up to 1.7, which is remarkably higher than all fiber grating based refractometers, as the latter cannot exceed a range higher than the fiber core index around 1.44 [19] .
For the 35μm microchannel device, the RI characterization was carried out for a much smaller RI range from 1.43 to 1.49, as the measureable FP resonances only existed in this range due to high loss. The spectral evolution over the measured RI range is given in Fig.  4(a) . The air caused transmission loss for this sample is much higher and in an order of ~22dB, as shown by the left figure in Fig. 4(a) . Different from the 5μm microchannel sample shown in Fig. 3 , this device shows no FP resonant peaks within the Bragg reflection band initially and only when the RI increased to 1.43, the FP resonant peaks start to occur and shift with increasing RI. Figure 4(b) plots the wavelength shift of one of the resonant peaks with RI change from 1.43 to 1.49, which also exhibits a good linear response. Although the detection range is much more reduced for this 35μm microchannel sample, the RI sensitivity is significantly high, reaching a value of 9nm/RIU compared to only 1.1nm/RIU from the 5μm channel device. However, with further increasing of RI above 1.49, the FP resonant peaks diminish, indicating the resurrection of loss due to index mismatching between the liquid and the fiber core. 
Discussion
By comparing the performance of these two microchannel FBG FP devices, we can see that the wider microchannel sample gives a much higher RI sensitivity. However, the high insertion loss limits its working range, available only from 1.39 to 1.49. On the other hand, the 5μm microchannel sample exhibits low insertion loss and works for a much broader RI sensing range from 1.3 to 1.7 but with lower sensitivity. Obviously, it is the width of the microchannel determines the sensitivity and the loss of the device. For the 5μm microchannel, only a very tiny portion (~0.5%) of the FP cavity is contributing, resulting in much lower overall effect on the structure, thus lower sensitivity and loss.
In order to design optimized microchannel FBG FP sensors, simulation was carried out to find the performance of the fabricated devices using the transfer matrix method described in Chapter 4 of [20] . Firstly, we analyzed the effect caused by the insertion loss of a microchannel. As explained in [18] , microchannels with small height would yield significant insertion loss due to scattering. In our design, we created microchannel with 10μm height, which is slightly larger than the diameter of the fiber core, giving lower scattering loss. However, in real fabrication, there will be some errors causing extra loss, which can be categorized as apparent scattering loss. With light entering the microchannel, the electromagnetic field will be diffracted and higher index oil generally diffracts light less and more light will be coupled back to fiber after passing through the microchannel. With t where λ is the wavelength and n and l are the RI and length of the microchannel. It is reasonable to assume that light propagating through a microchannel is similar to butt coupling between two fibers and we can then adopt a formula used in [21] to estimate the transmission coefficient of a microchannel as   . By comparison, we can clearly see that the concatenated microchannels will give a lower insertion loss than the single channel by a factor of m. Taking the 5μm microchannel discussed in previous sections as the example, the loss is around 2.1dB when the channel is in air, as is given in Fig. 3(a) . Seven such 5μm channels made in tandem offering a sensitivity equivalent to a single 35μm microchannel would show only 14.7dB (2.1dB × 7) loss, which is 7dB lower than the real fabricated 35μm single channel sample. Thus, it can be envisaged that by employing multiple narrower channels, such as the 1.2μm channels, a much lower insertion loss and larger RI detection range will be achieved in addition to high RI sensitivity.
The transfer matrix for a bare fiber section is similar to C T , by omitting losses and using fiber index n and corresponding length l , T T = T T  , which hints that the relative position of the microchannel in the cavity would not influence the optical properties of the device. Figure 5 gives the simulated transmission spectra for different t for an FBG FP with a 35μm microchannel in the cavity. Apparently, smaller t corresponds to larger loss. In the simulation, we use two uniform FBGs of 4000 periods with Λ = 0.532nm and 4 10  = δn and they are separated by 1mm. As can be observed in Fig. 5 , when 1 = t the spectrum shows clear resonances and a low insertion loss, while with decreasing of t , visibility of the resonances gradually drops and overall insertion loss increases. This trend agrees very well with the experimental results for the 35μm microchannel device we observed. We also tracked the generation of the resonant peaks in the spectrum by varying the oil index n in C T (with t = 1) and the results are plotted in Figs. 6(a) and 6(b). We clearly see from the figure that each peak appears in the short wavelength side initially and moves to longer wavelength with increasing RI, behaving like a propagating wave till it moving out of the Bragg reflection band. All resonant peaks show a linear RI response with a sensitivity of ~10nm/RUI, which is very close to the measured sensitivity of the real device, as shown by the green triangle points on the same figure. Similarly, for the device with a 5μm wide channel, our simulated results showed a resonant peak sensitivity of 1.4nm/RUI, which is again in good agreement with experimental result (1.1nm/RIU).
We further examined the influence by the FBG FP cavity length and the simulation results are shown in Fig. 6(b) . Clearly, for both narrow and broad microchannels, shorter FP cavity length gives rise to higher RI sensitivity. This offers another design parameter to optimize the structure and function of the proposed microchannel FBG FP sensors. 
Conclusion
In this paper, we have described a new type of RI sensors based on an FBG FP cavity embedded with a microchannel. Microchannels with different sizes have been realized using fs laser inscription assisted chemical etching and the narrowest width of only 1.2μm has been demonstrated. Two FBG FP structures with a relatively narrow (5μm) and broad (35μm) channel were used for RI sensing characterization, showing a linear RI response with sensitivities of 1.1nm/RIU and 9nm/RIU, respectively. The broader channel device gives considerable high loss and can work only in a limited RI range from 1.43 to 1.49. In contrast, the narrow channel device gives a much larger RI measurement range from 1.3 to 1.7. We also performed a theoretical simulation by employing transfer matrix technique and the simulation results are in excellent agreement with experimental ones. More importantly, the modeling has revealed the influence of the device parameters and structure on loss and RI sensitivity, which provides a good design tool for optimized sensors. Overall, the revealed linear RI response with significantly larger detection range and high sensitivity of the microchannel FBG FP sensors are of great advantages over fiber grating based refractometers, as the latter all have a nonlinear RI response with detection range limited to fiber core index only to 1.44. With these remarkable advantages, microchannel FBG FP structures could be further developed into high performance bio/chemical/environmental sensors.
